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ABSTRACT

Transm ssion of mcrowave power at frequencies from1l to 11
GHz has been observed through a short, slotted, coaxial line
filled wth crude oil fromeach of five wellhead sanpl es collected

at Bayou Choctaw (BC) and one sanple from a Wst Hackberry cavern
(WH105). An accurate nodel for the filled slotted line is used to

derive the dielectric constant and |loss tangent for each oil. The
hi ghest | oss occurs in oil fromBci9 whose | oss tangent is 0.0103
at 1 GHz; the lowest, in wWH105 whose |o0ss tangent at 1 GHz is

0.0026. These data suggest favorable prospects for high-
resol ution radar mapping of SPR cavern walls. Sul phur conpounds

in the oil appear to be the major source of the m crowave
attenuation
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1. | NTRODUCTI ON
1.1 Monit ori ng sPrR cavernsDi mensi ons

Adequate monitoring of the oil storage caverns within the U S.
Strategic Petrol eum Reserve (SPR) involves making the nmeasurenents
necessary to evaluate cavern stability and, if possible, to
inventory the oil contained on an appropriate schedule.'> Daily
readi ngs of wellhead pressures arebeing used to nonitor the
normal volune decrease in all SPR caverns. Mnitoring of SPR
cavern dimensions over the long-termw |l require mapping of wall
conditions in SPR caverns and will confirmthe crude oil inventory
at SPR

A typical SPR cavern is a large carrot-shaped oil-filled
chanber, roughly 200 feet in diameter and 2000 feet tall.1 At the
start of this test, it appeared that there mght be two
technol ogi es - radar and sonar - capable of mapping irregularities
in the cavern oil-salt interface (wall) with enough resolution at
a SPR cavern wall to neasure wall contour and dimensions.58
However, both radar and sonar signals are significantly attenuated
by the crude oil, naking the denonstration of mapping feasibility
a significant challenge.

To be useful, a map of a SPR cavern wall wll need to resolve
an area of the cavern wall which is only a few feet across. To do
this, sonar with a single transducer will need to be paranetric,
i.e., to produce a |owfrequency sondr carrier by nonlinear
generation fromtwo high-power, high-frequency primry waves. For
useful wall resolution by radar, the radar antenna will need to be
a broadside array of coherent horns spanning both horizontally and
vertically sone twenty wavel engths. To get sufficiently strong
radar echos, the attenuation in the oil nust be low. The results
of the present study indicate that mapping of nost SPR cavern
wal l's with useful resolution is feasible by radar at one GHz:
nunerical estimates of expected signal-to-noise will be presented
in a separate report under preparation.?7



No information is available in the public literature on
m crowave |losses in crude oils.9 Therefore, the |aboratory
measurenents were undertaken as the initial step toward
understanding the extent to which crude oils absorb m crowave
energy.

1.2 Scope of This Test Report

The purpose of this report is to summarize the results
observed for mcrowave transm ssion through a coaxial sanple
hol der for six oil sanples from SPR caverns. The oil sanples were
obt ai ned at the wellnhead ofeach of five caverns at Bayou Choctaw
(BC) and one West Hackberry (WH cavern.

The observed transm ssion data are interpreted in terns of the
two parts of the dielectric permttivity of the oil sanple: the
dielectric constant ¢, and the | oss tangent tams. The latter is
defined as the ratio of the imaginary part to the real part ofthe
di el ectri cpermittivity.® Tans values obtained in this study are
listed from1 to 10 GHz. Since the power lost in travelling one
wavel ength equals 27 aB tines the value of tan6 at the wave
frequency, oil with lower values of tan6 supports better
transm ssion.

Loss at mcrowave frequencies occurs primarily in the polar
mol ecules in the crude oil. If water and al cohol are not
dispersed in the oil, sulphur conpounds in the oil are the source
of nost of the mcrowave |oss.

1.2.1 Microwave s-Parameters of Hol der Under Test

The transmssion and reflection properties of any two-term nal
| inear network can be conpletely described by the four conplex
el ements, called S-paraneters, of the scattering matrix of the
network at each frequency.10 The network we are concerned with in
t hese measurenents is the coaxial sanple holder, whether it is
enpty or filled with an oil. The two S-parameters of interest in
this study are: s,, the transmtted voltage vector for unity-
anpl i tude zero-phase input to Port 1, and sy, the reflected
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vol tage vector for unity-anplitude zero-phase input to Port 1.
The squares of these two S-parameters represent the power
transmtted by and reflected fromthe sample hol der, respectively.

Appendi x A presents graphs of the neasured val ues of |sy|2 and
|sa |2 versus frequency. The dielectric constant ¢ is obtained
fromthe observed |sy|2 versus frequency for each oil. Then, the
observed |sy|2 for the slotted holder filled with that oil is used
to calculate the loss tangent at each frequency.

1.2.2 Accuracy of Loss Tangent Val ues

The manufacturer of the automatic network anal yzer (ANA) used
to observe S-paraneters states the ANA accuracy conservatively and
therefore disclainms any values of |oss tangent as low as 0.1 as
being inaccurate.10 Based on our neasurenents, we believe that
the sensitivity and stability ofthe ANA used in the manner
described in Appendix A permts reliable measurenents of liquid
| oss tangents to much | ower val ues.

Care was taken to confirmreproducibility to within 0.03 dB in
transm ssion and to avoid any polar cleaning material. The
uncertainty in the tan6 values calculated for these oils appears
to be as low as + 0.0002, as discussed in Appendices A and B.

2. O L saMpLES

Q1 sanples selected for this first test are five crudes from
BC, and a very sweet crude sanple from WH probably from waios. A
refined |laxative-grade mneral oil is used to validate the
mul tiple-reflection model of the coaxial holder and to serve as a
conparison reference in case other nethods are to be used in
measuring mcrowave | osses in crude oils.

2.1 Crude O |s fromwellheads at Bayou Choct aw

A wellhead sanpl e of -300 ml of crude was obtained in Mrch
1988 from each of five caverns, nanely, Bcis, BCl7, BCl8, Bcio,

3



and BC20.

gasoline to that of corn syrup.

Viscosity of these sanples ranged from nearly that of

Sone of the pertinent chem cal

data fromthese caverns are given in Table 2.1, as a sunmary of

the January 5,

1988, N PER tests.
Institute for Petrol eum Energy Research,
currently anal yzes the chem cal

SPR caverns on a regular schedul e.

Table 2.1

makeup of oi

Nl PER stands for

the Nati onal
t he organization which
sanpl es taken from

contents of crude O | 8 Stored in 8PR Caverns
Val ues of concentration are the averages anong several

NI PER

sanpl es taken on 1/5/88 at different depths wthin each cavern.

The nuneri cal

for BCL7.

NIPER
Variable

API
SPGR
CONCR
NI TR
SULPHUR
VERCAP

BC1S
Units

33.0
g/cm3 0. 860

3.9

Wt % 0.134
W % 1.54
ppn 14 + 6

BC18

~ooNOoS

W EL O oM

©

o

BC19

32.9
0. 861
4.4
0.136
1.61
39 + 26

Sul phur Concentrations within Distillate Fractions:
1.34
0.10
0. 36
0. 58

SULWRES
SULW375
SULW530
SULW650

Mercaptan Concentrations within Distillate Fractions:

W % 3.61
wt % 0. 36
wt %

wt $ 2.09

3.76
0.35
1.11
2.15

MERCS ppm 19 5 33 + 18
MERCL75 ppm 65 11 46 + 21
MERC250 ppm 129 33 113 + 17
MERC375 pom 42 14 43 + 8

desi gnations within the NIPER | abels give the | ower
tenperature Iimt of the range used for each API
in the NIPER processing: REs = residual.

gravity cut used
No data were avail able

BC20

36.4
0.843




2.2 The Sweetest Crud. G| Sample

A sanple from wH105 obtai ned several years ago was al so used
in this study. The latest revision of the SPR Configuration Chart
shows WH105 oil having 0.2 wt % sul phur.

3. OBSERVATIONS

Transm ssion of |ow|level mcrowave power through a coaxi al
slotted line while it was filled by each oil was neasured at
frequencies from1l GHz to 11 GHz in steps of 0.050 GHz. A
calibrated automatic network anal yzer was used to obtain val ues
for each of the four S-paraneters of the slotted line at each
frequency. Details of the measurenent process and the graphs
recorded by the ANA are given in Appendix A

3.1 observations on Air-Fill ed Bol der

The air-filled hol der was observed to have very low | oss and
weak reflections from1 to 10 cHz. For exanple, |s;|2 equal s
-0.05 aB at 1 GHz, -0.11 4B at 3 GHz,and -0.26 4B at 10 GHz, as
shown in Figure A2.1.

3.2 Observations on LOow L0OSS Refined Q |

Filling the holder with a liquid gives a strong reflection at
each end of the liquid because of the abrupt change in inpedance
of the coaxial line. The principal dips in power transm ssion are
due to destructive interference involving these two reflections.

When it was filled with clear |axative-grade mneral oi
(LAX), the hol der exhibited low loss with prom nent dips in both
transmission and reflection across the 1 to 11 GHz region. The
period of 0.45 GHz in the dips is produced by the 23.4-cm | ength
of oil having an e’ of 2.1. Furthernore, the low |loss is shown
by the trace of the maxima in |Sz|2 being -0.19 dB at 3 GHz



compared to -0.11 @B at 3 GHz with air. This gives a | oss tangent
equal to 0.0004 for LAX. The fitting process is discussed in
Appendi x B.

3.3 bservationa on Crude G| Samples

The |Sy|2 and |Sy; |2 were plotted by the ANA at each frequency
step from1l to 11 GHz for the holder filled with each of the crude
oils from Bayou Choctaw and wH105. The ANA graphs presented in
Appendi x A were used to extract the values of transmi ssion peaks
(TP), which are listed in Table 3.3.

Table 3.3 EM Transmission Peaks Observed in SPR Crudes.

The transmi ssion maxi ma are observed to have a constant period
near 0.45 GHz for each oil. The value of the locus of the maxi ma
in |sy|2 for each oil is listed at ten values of frequency for
ease in conparison between oils.

f BC1S5B BC17A BC18D BC19D BC20B WH10S
GHz aB aB 4aB daB dB dB
1 0.412 0.394 0.325 0.475 0. 288 0. 156
2 0.675 0. 650 0. 538 0.754 0. 506 0.281
3 0. 875 0. 850 0.675 1. 000 0.675 0. 388
4 1. 056 1. 022 0. 819 1.219 0.812 0. 488
5 1.212 1.169 0.944 1.438 0.925 0. 562
6 1. 338 1.312 1. 056 1. 650 1. 050 0. 656
7 1.481 1. 444 1. 169 '1.862 1. 156 0.738
8 1. 600 1. 575 1.278 2.075 1. 256 0.825
9 1.712 1. 688 1. 394 2.288 1. 350 0. 909
10 1. 850 1. 800 1. 500 2. 506 1. 450 0.994

4. ANALYSI S OF OBSERVATIONS

Cal cul ated values are fitted to the observed values of |S; |2
and [Sy|2 using the known properties of air and the coaxial hol der
and the unknown (adjustable) permttivity ofthe oil involved.

The fitting process is presented in Appendix B.
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Properties of the holder are confirmed or determned by the
observations with air filling. For exanple, nost of the o0.11-dB
loss at 3 GHz is due to the conduction currents within the meta
wal |s of the 23.4-cm air chanber: the rest is fromthe two ferrite
beads.

Assum ng the presence of a pair of equal-sized air bubbles,
one at each end of the thick laxative oil LAX we were able to fit
accurately all of the promnent features of both |sy|2 and |s3|?2
by adjusting only the size ofthe bubbles (length and angle
subtended) and the two quantities e.’ux and tané . FOr exanple,
the graph in Figure B3.1 displays the calcul ated |sz|2
which fits the observed |s;j2 in Figure A2.2.2 to within the
t hi ckness of the lines on the graphs.

Simlarly, the only adjustable parameters in fitting the
observations on each crude oil are:

LAY
t he dinensions of any air bubble, and
tanSQil .

The thin oils trap no bubbles.

4.1 Dielectric Constant of crude Q| s

The dielectric constant foreach crude oil is determned from
the constant period of the dips observed in |sy]2 and |sy;|2 as
di scussed in Appendix A2. The values found for e’ are listed
in Table 4.1.



Table 4.1 Microwave Dielectric Constant of Crude oils

The real part of the relative permittivity was cal cul ated from
the regular period observed in the dips in |sy|2 from1l to 10 GHz
and then trimed -1%in fitting to the dips observed in |sy]|2.
The ANA data are shown in Section A2.3 of Appendix A

Cavern er’oil Uncertainty #
BC15 2.22 .01
BC17 2.19 .01
BC18 2. 17 .01
BC19 2.28 .01
BC20 2.180 .005
CRD1 2. 335 00q
4.2 Loss Tangents in cCrudeQls

The | oss tangent values used to calculate the |sy|2 that agree
with the observed |sy|2 are listed in Table 4.2. The excellent
quality of fit of the calculated |sy|2 to the observed values is
shown graphically in Appendix B to be within £ 0.03 4B.



Tabl e 4.2 Microwave L0SS Tangent fOr Crude oils
The loss tangent is calculated at each frequency by Equation
(4.3) using the nodel paraneters listed at the bottom of the
colum for each oil. Substitution of each value of |oss tangent

produces a cal cul ated |Sz{2 which agrees with the observed one
within 0.03 aB.

f Cavern Cavern cavern Cavern <cavern Cavern
GHz BC15 BC17 BC18 BC19 BC20 WH10S
1 0. 0090 0. 0081 0. 0067 0.0103 0. 0064 0. 0026
2 0. 0086 0. 0078 0. 0064 0. 0095 0. 0058 0. 0026
3 0.0076 0. 0072 0. 0057 0. 0083 0. 0050 0. 0025
4 0. 0067 0. 0065 0. 0050 0. 0075 0. 0045 0. 0024
5 0. 0060 0. 0059 0. 0046 0. 0071 0. 0042 0. 0022
6 0. 0055 0. 0054 0. 0042 0. 0069 0. 0040 0.0021
I 0. 0051 0. 0051 0. 0040 0. 0067 0. 0039 0. 0020
8 0. 0049 0. 0049 0. 0039 0. 0065 . 0.0038 0.0019
9 0. 0047 0. 0047 0. 0038 0. 0064 0. 0037 0.0019
10 0. 0046 0.0046 0. 0037 0.0063 0. 0036 0.0018
Two- Compound Paraneters used in Eq. (4.3):
ELTo -> 0.0040 0. 0037 0.00335 0.0063 0. 0036 0.0014
Cd -> 0. 0050 0. 0044 0.00335 0.0040 0. 0028 0. 0012
fo -> 1 1 1 1 1 1 GHz
fh -> 3.2 4.0 3.0 2.0 20 . 6 GHz
4.3 Model for EM Losses in crude Q|

Table 4.2 shows that the [oss tangent of each crude oi
decreases\ith i ncreasi ng nicrowave frequency. The loss tangent
of a dielectric is usually a constant. In some dielectric nedia,
tan6 increases slightly with increasing frequency because the
pol ar resonance absorption is centered at frequencies above s-

band. The decrease observed in these crude oil is unusual and
unexpect ed.



We of fer an expl anation for thi s unusual behavior of EM energy
in crude oil in ternms of polar nolecules, such as the nercaptan
class, having one or nore absorption resonances |ocated bel ow s-
band. The sinplified model used here to fit the decreasing values
of tan6 is called the two-conpound nodel because the effective
|l oss tangent ELT(f£) of any particular crude oil mxture is
represented by two terns, nanely

ELT(f) = ELTo + Cd 7 (((f - fo) / tm2z + 1). (4.3)

These four paraneters of the two-conpound nodel are defined as:

ELTo = the constant tan6 due to EM absorption by one class of
pol ar nol ecul es whose absorption is heavily danped.

fo = the |ow resonance frequency of the second class of nore
lightly danped absorbers, probably certain nercaptans.

fh = the half width at half maxi num absorption by this second
set of conpounds.

Cd = the peak value of tan6 due to this second set of conpounds.

Cd is proportional to their total concentration.

The val ues of these two-conpound paraneters which were used to
generate the loss tangent values listed in Table 4.2 are given at
the bottom of each colum. The fact that this sinple two-conpound
model fits our data to within the experinental uncertainties
suggests that the main source of loss is only a subset of the
sul phur conmpounds within the crude oil.
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5. suUMMARY OF RESULTS

M crowave power transm ssion through sanples of crude oil fron
five SPR caverns at Bayou Choctaw plus one sweet crude from
another SPR site has been observed at room tenperature and one
atmosphere.  Each oil has been characterized by a value for its
dielectric constant and a set of |oss tangent values across the
band from1l to 10 cHz. A refined oil served to validate the
mul tiple-reflection model of the sanple holder to high precision.

The mcrowave |oss tangents in the crude oils decrease
strongly across this frequency range. This unusual frequency
dependence is explained well by a sinple two-conpound nodel for
the EMlosses in crude oil. The precision offitting is within
the smal| experinental uncertainties.

M crowave |osses are found to be |ower in the sweeter crudes.
Tentative correlation with chemcal constituents suggests the some
sul phur conpounds, probably certain mercaptans, absorb strongly
bel ow 10 GHz.

M crowave |osses are found to be |ow enough to give positive
prospects for high-resolution radar mapping of SPR cavern walls.

6.  CONCLUSI ONS

6.1 Radar Nappi ng ofsPR cavern Wl | s appears Feasi bl e.

)

Mappi ng SPR caverns with a resolution of a few feet at the
cavern wal | appears to be feasible. Infact, useful signal-te-
noise at one GHz is apparently available in nost SPR caverns

according to the estimates being presented in a separate SAND
report.7
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6.2 Correlation wth sulphur Content Should Cut costs of
Mappi ng.

Radar mapping within SPR caverns is now expected to give
useful maps of nost of the cavern walls. The next question now
becones which caverns are preferred candidates for a radar survey.
The answer in terms of |oss tangent values can be obtained by
repeating the type of bench test reported here on sanmples of oil
fromthe gallon sanples taken for NI PER analysis. Once
established, the correlation between |oss tangent and certain of
t he sul phur conpound concentrations will allow the regular N PER
tests to be an accurate screen for radar attenuation.

Therefore, it is reconmended that 300-m oil sanples be taken
for EM|oss tests as conpanion sanmples to those taken for regular
NI PER testing from SPR caverns whose oils cover the range of
sul phur content from strongly sour to very sweet. Conparison of
m crowave |oss, measured with the technique reported here, to the
NI PER |istings froma score of SPR caverns covering this range of
sul phur concentration shoul d establish the desired correlation.

7. ACKNOWLEDGEMENTS

The author is grateful to S. T. Wallace, 6257, for obtaining
the crude oil sanples and for checking the early calculations: to
M G Arnmendariz, 2175, for arranging time on the autonmatic
network anal yzer and for instructions in its use: and to J. L.
Todd, 6257, for stimulating discussions and for review ng the
logic and the algebra ofthe multiple-reflection nodels being used
for the slotted-1ine sanple holder. Errors and shortcom ngs that
remain are the work of the author.

12



10.

11.

12.

13.

REFERENCES

K. L Biringer, "Strategic Petroleum Reserve (SPR) Long Term
Monitoring System Pressure Data Analyses," SAND87-0706,
printed July 1987 by Sandia National Laboratories (snra),

Al buquer que,” NM 87185-5800.

Monthly Cavern Integrity Reports, pre&ared by PB-KBB, |
Boei ng Petrol eum Services, [nc., New Oleans, LA 70123.

K. L. Biringer, "Strategic Petroleum Reserve Cavern
Geot echni cal Data Base, ™ sanpsa-1500, printed Novenber 1984 by
SNLA, NM 87185- 5800.

W R Wawersik and D. H Zeuch, "creep and Creep Mbdeling of
Three Domal Salts - A Conprehensive Update," saND84-0568,
printed by SNLA, NM 87185-5800.

J. K Linn, "sandia Laboratories Ceotechnical Project Status,"”
Monthly Report to DoE SPR PMO, dated January 31, 1988.

K. L. Biringer, "status and Analysis of Sonar-in-Q1l Project,"
Memoto J. K Linn, 6257, SNLA, February 20, 1987.

J. G Castle, "radar Echo Strength Expected in Storage Caverns
at the Strategic Petrol eum Reserve," SAND88-3262, t0 be
printed January 1989 by SNLA.

nc. for

J. G Castle, "Microwave Loss (bserved in a Sweet Crude:

| npact on Radar Demonstration," Internal Meno to J. K Linn,
6257, snia, March 29, 1988, and "Echo Losses from Cavern
walls," Draft Technical Report to J. k. Linn, 6257, SNLA,
March 28, 1988.

"Dielectric Materials and applications," A. von Hippel, Ed.,
MG aw Hi || Book Co., 1948.

"Measuring Dielectric Constants with HP8510 Network Analyzer,"
HP Product Note No. 8510-3, Hew ett Packard Co., August 1985.

"Ccoaxial and Wavegui de Measur ement Accessories catalog,"
Hewl ett Packard Co., Novenber 1986, p. 87.

J. K Fitzpatrick, "Automatic Network Analysis Accuracy,"
M crowave System News, My 1980, p. 77-93.

"Reference Data for Radio Engineers," Sixth Ed., |TT-Howard
Sams Co., 1981. ISBN. O 672-21218-8.

13



14.

15.
16.

17.
18.

19.

20.

J. D. Kraus and K. R Carver, "Electromagnetics," 2nd Ed.,
MG aw H || Book Co., 1973, p. 402.

ibid, p. 332ff.

P. Debye, **Pol ar Molecules," Chapter 5, Chenical Catal og Co.,
NYC, 1929.

ref. 14, p. 346.

5.29 R Pounder, "Physics of Ice," Perganon Press, NYC, 1965, p.
E. R Beringer and J. G_Castle, "Microwave Magneti c Resonance
Absorption I n oxygen," Phys. Rev., Vol. 81, p. s2ff, 1951,

=Microwave Desi gners' Handbook," 3rd Ed., Microwave System
News, Vol. 15, No. 8, May 1985.

14



APPENDI X At BXPERIMENTAL PROCEDUREO AND RESULTS

Appendi x A presents the graphs of observed mcrowave power
transm ssion and reflection as recorded by an automatic network
anal yzer ANA for the oil-filled slotted coaxial 1ine'' following a

brief description of the procedures used to extend the sensitivity
wel | beyond the manufacturer's stated limt.

Al. Experi nent al Procedures
Al.l Bench Equipment Used
A.1.1.1 Automati C Network Analyzer (ANA)

The ANA, Model upssioB, is regularly calibrated and used for
critical evaluation of high-reliability mcrowave devices across
the frequency range from0.5 GHz to 18 GcHz. Therefore, the
principal calibration uncertainty for this work derives fromthe

normal step-by-step calibration procedure used at the start of
each day's operation. 12

A.1.1.2 sample Holder

The coaxial slotted |ine, Mdel HP816A-011, was chosen for
these tests fromthe stock available. The open slot allowed easy
filling, enptying and cleaning, after the bottom seam was seal ed
up with plumbers' epoxy so as to hold |iquids.11

The geonetry of the HP816A-011 slotted line is sumarized in
Table A 1.1.2. The overall length is 24.8 cm At each end is an
APC-7 connector. Next to the connector is a o.3-cm thick ferrite
bead, which serves as support of the o.30-cm dianeter brass rod
that forms the coaxial center conductor. The ferrite is assuned
to have a dielectric constant of 20 and has an unknown | 0ss

tangent, whose value is fixed by the ANA observations with air
filling.
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Tabl e

A.1.1.2.
| nt er nal

coaxi al .

D nensi ons of Slotted Line Model HP816A~-011.
cross sections are al

The center conductor

and outer conductor surfaces give a so-ohm |ine inpedance when air

is the nediumin the central sections. Interfaces are abrupt.
Section shape, Length Description
Label Dielectric cm

APC- 7 Circul ar, 0.4 Connector for coaxial cables
solid to MA port nunber 1.

Bead Circular, 0.3 Support for brass rod, 0.3-cm
ferrite di amet er

Transition  Circular, 2.8 Al housing transition to flat
air/oil plate coaxial section.

Slotted Flat plates 17.8 Plate separation = 0.54 cm

(central) air/oil open si des.

Transition  Crcular, 2.8 Al housing transition to flat
air/oil plate coaxial section.

Bead Circul ar, 0.3 Support for brass rod, 0.3-cm
ferrite di amet er.

APC- 7 Circul ar, 0.4 Connector for coaxial cables
solid to ANA port number 2.

The HP816A hol der was designed to be operated with air filling

most of the coaxia

chanber between beads (23.4-em | ong) and shows
very low reflections with only air in it.

reflections at each interface have been very well

Clearly, the
mnimzed for a

so-ohm characteristic |ine inpedance.

Inserting -30 mlliliters of oil

raises the dielectric

constant in the chanber and gives a strong reflection at each end
due to the inpedance m snatch.
inthis test report takes advantage of the pair of reflections at
the two oil-bead interfaces being much larger than the other

reflections.

The calcul ation includes all

The nul tiple-reflection nodel

used

the nultiple

reflections that contribute as much as .02 dB to the cal cul ated

| S2112.

A summary of the nodel

I's given in Appendix B.
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A 1.1.3 Sensitivity of ANAMeasurements

Product Note 8510-3, entitled, **Measuring Dielectric Constant
with the HP8510 Network Analyzer, ® contains a useful description
of the theory needed to interpret S-paraneter data in terns ofthe
dielectric permttivity of the medium:?

Ep = gpt - j e 0 = g ! (1 -j tan6).

The HP note states the accuracy of automatic neasurenment of .- as
-1 per cent and of e.v7 as + 0.02 for solid sanples.10 The
corresponding uncertainty in tan6 is & 0.01 for e near 2. The

manuf acturer makes no claim for accuracy of |oss tangents bel ow
0.1.

On the other hand, the ANA can reproducibly measure
transnission loss as small as 0.01 aB. The stability is better
than that: after a full day's operation, the remant loss (drift)
in the ANA systemw th the sanple hol der renoved has the root nean
square (RMB) value of -0.0002 aB across 1 to 11 GHz. An
increnental loss of 0.01 aB within the HP816A hol der is produced
at 1 GHz by changing the loss tangent of the liquid by -0.0001.

So, we set the goal of our procedures and analysis to be the
reduction of the tan6 uncertainty fromthe stated limt of 0.01 to
an uncertainty near 0.0002 for liquids like crude oils.

Al.2 Lab Procedures
A.1.2.1 Reproducible |83]|2 Val ues

The principal precautions taken included:

1. Avoiding polar contamnants within the sanple hol der.

2. Reducing bubbles in each oil sanple to stable ones. This
normal Iy involved repetitions after waiting 20 m nutes.

3. Confirmng that the observed |s;]|2 values are stable across
the band to within the limt of 0.02 4s.

4,  Recording the |sy |2 sweep for the final |sx|2 record.

5. Establishing the equality of |s;]|2 and |sy;|2 for each.

6. Confirmng sufficient oil renoval by observing |s;|2 for air
after each cleaning. A3



A122 Sequence for Low Loss Liquids

The procedure started with ANA nmeasurenents on the enpty
hol der in order to 'calibrate' out its |losses across the sane
frequency band. Since cleaning wthout adding [oss from polar
sol vents was difficult, this enpty holder calibration was done
after cleaning before each new sanple of oil. Typical results are
displayed in the figure in Section A 2. 1.

Conparison of MA data on sweet crudes to the data on a widely
available oil with a very low loss is the cornerstone of
confidence in the calculated tan6 values. W chose the extra
heavy, |axative-grade mneral oil (LAX) as our standard for |ow
| oss because it is widely available to others. LAX turned out to
have a sufficiently low tan6 to give us strong confidence in our
nodel for the holder |osses and reflections. The hol der nodel
yields high precision for the permittivity val ues used to fit the
observed transm ssion.

The sequence for taking data for each oil followed the
cautions listed in Section a.1.2.1above. Reproducible |sy]?2

values from1l to 10 gHz to within 0.02 4B were obtained and then
the corresponding |sy|2 plotted.

A.2. ANA Records Of | 8y |2 and |8y | 2
A.2.1 Observations On Air-rilled Sl ottsd Lins

(oservations on the air-filled HPg16a |[ine before any liquids
had been inserted showed return loss below 40 aB and the
transm ssion declining smoothly (no dips as large as .02 d&B) from
|Sy|2 = -0.05aB at 1 cHz to -0.25 dB at 10 GHz. Measurenments on
the air-filled line were repeated after each oil sanple had been
renoved and the |ine cleaned without using solvents. Late in this
series, we found that a Freon cleaning spray gave better cleaning
and did not contribute measurable |oss.

A4



A.2.1.1 Refl ected Microwave Power, AirFilling

The |syy|2 values for the slotted line filled with air after
cleaning were below 20 dB. The pattern of dips in reflected power
has a very constant period of 0.636 GHz + 0.006 GHz, show ng that
the two air-bead interfaces, 23.4 cm apart, have nuch stronger
reflection than any of the other interfaces.

A212Transmtted Microwave Power,Air Filling

The |sy; )2 of the slotted line filled with air after reasonably
thorough cleaning with paper and Freon spray is shown in Figure
A 2.1.2. Values of the locus of the transm ssion peaks (TP) in
this figure are listed in Table A212
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Figure A.2.1.2. Power Transmission, Air Filling.

The slight dips in transmssion appearing above 5 GHz are due
to oil films at ferrite bead surfaces left after Freon spraying.
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Table A 2.1.2. Locus of Transm ssion Peaks (TP) With Air
TP values were read fromtrace of the peaks observed in the
|Sa4|2 plot shown in Figure A 2. 1.2

Frequency TP
GHz 4B

. 052
. 080
108
. 125
. 148
. 173
. 194
. 219
. 240
. 261

O W o v o oW N

—

A 2.2 Observations on LOW L0OSS Refined O |

The clear laxative-grade mneral oil LAX observations are
shown in Figures A.2.2.1 and 2. Features include:
1. A constant period for the dips of 0.45 GHz.
2. Stable modulation of the dips with a period of 4.2 GHz.
3. Peaks in transmssion indicating |ow |oss.
The locus of the peaks is listed in Table A 2.2.

The dips show the periodicity expected froman oil with ¢+ =
2.1+ filling the 23.4~cm space between ferrite beads. Cher
reflecting interfaces have smaller reflection coefficients and
produce "modul ation" of the primary dips. The frequency span of
4.2 GHz observed for the modulation in Figures A221 and 2
corresponds to a pair of reflecting interfaces located at 2.5 cm
from each ferrite interface. W interpret these interfaces as due
to stable bubbles of trapped air in the analysis in Appendix B.
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Tabl e A22 vnoecusof TP on Low Loss Refined oil rax

Frequency LAX
GHz 4B

.085
. 140
. 190
.240
280
. 310
.345
.380
420
455

O W 0 N oL e WN
O O O O OO O OOOo

—

T

Reflected Power

Figure A221 Reflection with Refined G| LAX
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Figure A ?2.?2.?2. Transmission with Refined O LAX

A.2.3. Observations on Samples of Crude Q|

A.2.3.1. Microwave Power Reflected with Crude oils

The |sy|2 values recorded with six SPR crude oils are plotted
in Figures A 2.3.1.106. The values found for e.’qi fromthe

period of the dips evident in each figure arelisted in Table 41
in the text.
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A 2.3.2. Microwave Power Transmitted \With SPR crude O | s

The |s;]2 values recorded with six crude oils from SPR are
plotted in Figures A 2.3.2.106. The locus of the maxima in the
observed |s;|2 is listed for each of the six crudes fromf =1 to
10 GHz in Table 3.4 in the body of this report. The sanmples from

BC18 and Bc2o show the |east EM | oss anong the Bayou Choctaw
crudes tested.

The lowest |osses in the six sanples of crude oil tested in
this study are found in the sanple whHios. |ts viscosity resenbles
that of blackstrap nol asses.

Transmitted Power dB

Prequency GHz

Pigure A 2.3.2.1. Transmssion with O| PromsPR cavernBCis.
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APPENDI X B: ANALYSI S OF OBSERVATIONS WTH SLOTTED LI NE
B.I. Models Used
B.1.1. 2ero Refl ecti on Model

The goal of this analysis is to get values for the mcrowave
| oss tangent for each oil sanple with reasonable accuracy. An
analysis that is quick and adequate for liquids with large |osses
IS to approximate the locus of the maxima in |s,|2 by the
expression for the transm ssion coefficient from Reference 10

multiplied by the oss due to conduction currents in the coaxial
surfaces within the holder. For large tans, the |ocus of the

maxi ma in |s, |2versus frequency (TP) woul d then be given in dB by
TP = 10 log(exp(-2 = N; tans) exp(-AO L; (e ’qi £)1/2)),

wher e N; = nunber of wavlengths within the length L,
L; = 23. 4 cnm,
A0 = 4.53-4 per cmGHz'2 for the half brass, half
al um num coaxi al |ine, and
er’oiy 1S fixed by the observed period of the dips in
[S21[2 OF in [sSn]2.
Tans is the only adjustable paraneter to fit this expression to
the observed val ues of TP

However, for the low |oss tan6 values of interest for radar
rangi ng beyond 100 feet, the multiple reflections contribute to
the observed TP values and woul d cause uncertainty in any snall
tans val ues calculated with the above expression. Therefore, we
have set up a simplified nmodel of the holder by assum ng symmtry
in the reflection coefficients. W calculate the vector sum of
all the significant nultiple reflections fromthe three pairs of
interfaces. W find the bead-APC7 interface has a reflection
coefficient no larger than 0.01; the flat-to-round interface, too
smal|l to be detected: and, for the thicker oils, a third pair of
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reflectors occurring at air bubbles trapped against the beads.
Fitting wth this nmodel for the holder yields precision even for
the low values of tans to within the experimental uncertainty.

Gven this confidence in the fitted tan6 val ues, their
unexpected decrease with frequency is explained here by a new
model for mcrowave absorption involving nolecular resonance
absorption frequencies bel ow S-band and modest collision danping
from sone of the sul phur conmpounds within the crude oils. Nearly
hal f of the EM absorption comes from the usual highly danped
absorption which is described by ELTo, the portion of the tan6
that is constant across the frequency band.

B.1.2. Model for Losses and Refl ections in Hol der

The known properties of the holder are used in this report as
given quantities in the process of analyzing the ANA data on crude
oils to get the loss tangent values. The approximate expression
for TP given above is used as the exact expression for the
transm ssion coefficient of each sectonw thin the hol der between
reflecting interfaces. Actual lengths are used: adjustnents are
made only for trapped air bubbles if they are present.

The unknown properties of the HP816A-011 hol der i ncl ude:
1. The loss tangent of the ferrite - probably < 0.01.
2. The reflection coefficients of the internal interfaces.
Val ues for these unknowns are determned fromthe ANA data with
air filling. W use the book value for AO. The values for the
hol der are then used as fixed inputs to the analysis for oil
permttivity.

B.1.3. Model fOr Microwave Absorption in GOl

| nspection of the recorded |S3|2 graphs or the TP listed in
Table 3.4 shows that the derivative of TP with respect to
frequency decreases strongly from1 to 10 cHz. The slope is twice
as large at 2 GHz as it is near 9 GHz for every crude sanple
except wHios, where the decrease is only a factor of 1.5. This
unusual behavior in crude oils needs an explanation.
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Recal | that in gases, where dipolar resonance absorption is
not broadened so severely by nol ecul ar collisions,® the
resonances involving dipoles containing oxygen and hydrogen are
| ocated above the mcrowave range.2 The |owest resonance
absorption is near 24 GHz for H,0. In these gases, the collision
danpi ng broadens the resonance absorption and produces a | 0ss
tangent which rises with increasing mcrowave frequency. If there
were a gas of dipoles having larger partition functions, the
resonance frequencies could be |owered into and bel ow S-band
Then, the loss tangent would decrease with increasing probe
frequency across S-band. The nodel presented here noninates the
mer captan class (sul phur al cohols) which includes polar nolecules
with large partition functions. The nodel also uses the standard
Lorentz broadening expression to calculate the |oss tangent val ues
versus frequency.

B. 1. 4. Two-Compound Model for Q|

Sone of the polar nolecules present as a dilute constituent of
crude oil could behave |ike a "gas" of electric dipoles buffered
by non-polar aliphatic nolecules. W nane our sinple nodel for EM
loss in oil as the two-compound nodel, associating one pol ar
chem cal conpound or set of polar conmpounds as the dilute dipolar
ngas" buffered by the non-polar diluents, and associating a second
type of polar compound having nuch nore danping and therefore with
a constant |oss tangent.

Prine candidates for the type of polar compound with a |ow
resonance frequency, fo, are the nmercaptans in these crudes. The
sinpl est nmercaptan, methyl thio-alcohol, is the analog of nethyl
al cohol with the oxygen atom replaced by a sul phur atom W
recogni ze that there may be many polar conpounds with | ow
resonance frequencies in a crude oil. For exanple, some aliphatic
mercaptane are probably within the nercaptans detected in the
NI PER [istings in Table 2.1.

Assume that the resonance absorption frequency, fo, of the
dielectric hysteresis in the first type of polar conpound "gas" is
near 1 GHz, a factor of 20 below the K-band resonance in the water
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molecule.? Assune that nolecular collisions produce a termin
the mcrowave power |oss that has a Lorentz shape with a half
width at half maxinmum fh. The value of this half width, fh, wll
be taken as characteristic of the first type of polar species in a
given crude oil sanple. The Lorentz formof this termin the
power |oss through the oil-filled coaxial holder will be

p1 £/ ( 22 + 1),

where z = ( f - fo ) ,fh and b1 is a coefficient
proportional to the concentration of the polar gas.

Since the effective |oss tangent (ELT) decreases strongly as
frequency increases from1l to 10 GHz, tables of values of ELT
versus £ are required. We sinplify this variation of ELT with
frequency by tying it to a sinple two-conpound nmodel for the
absorption.  The expression used for ELT(f) iS given by the
equation in Section 4.3 of the text. The fits obtained for this
simple oil model are within experimental uncertainty.

B. 2. Analysis for Emty Hol der

|S2112 of the enpty HPsiéa hol der, when calculated wth values
Of &¢r’air = 2E-6, tans,;, = 6E-4, A0 = 4.5E-4 per GHz%S5 per cm+ 10%
and tansp,y = 0.003 + 0.002, fits the observed TP within the
experinental uncertainty. An exanple of the quality of fit to the
ANA record in FigueA2.1.2.1 above'is displayed in Figure B2 as
the difference ofthe calculated |sz;|2 from the observed.
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Figure 9.2. Test of »it ofCaleulated |8,]2 for AIR

B. 3. Analysis for LowLoss Refined Gl LAX

ISy |2 of the LAX-filled holder, when calculated with values of
erfux = 2.105 + .005, Logwnie = 2.47 cm the angle of bubble = 0.3
+ 10%, and tans,y = 0.0004 + 0.0002, fits the observed |s;|2 to
within the experinental uncertainty of £ 0.02 aB. An exanple is
given in the Figures B.3.1 and 2.
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B. 4. Dielectric constant and Loss Tangent for 8PR crudeG s

The only adjustable paraneters used to fit the cal cul ated
182112 to the observed transm ssion through a crude oil at each
frequency are the |oss tangent (ELT), the dielectric constant and
the dinensions of any trapped air bubbles. The best-fit val ues
for erqpare listed, along with their uncertainties, in Table 4.1
inthe text. Best fit value8 for ELT(f) are listed in Table 4.2,
along with the four paraneters of the absorption nmodel for each
crude oil. The uncertainty in each ELT value is typically +
0.0002 because a change of 0.0002 shifts the |sz]|2 by 0.02 aB.
The uncertainty in fh values is + 0.5 GHz.

B.4.1 Quality ofrit for the Two- Conpound O | Model

The close fit of the two-conpound oil nodel discussed above is
apparent in the graphs of the difference between the |s;|?2
cal cul ated and the observed TP shown in FiguresB.4.1.1-6. The
differences fall within the uncertainty in the measured val ues.
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FigureB.4.1.1. Test of Pit in 8PRcrude O | from Bcas.
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D stribution of SAND88-1895:

U S. DCE SPR pMO (9)
900 Commerce Road East
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Attn: D. R spence, PR-62
E. E Chapple, PR 622 (5)

D. W Wittington, PR-622

TDCS (2)

U S. Departnent of Energy (1)
Strategic Petrol eum Reserve
1000 | ndependence Avenue SW
Washi ngton, D.C. 20585
Attn: R Smth

U S. Departnent of Energy (1)
OCak R dge Qperations Ofice
P.O Box E

OCak Ridge, TN 37831

Attn: J. MIIoway

DOE SPR Bayou Choctaw Site (2)
P.O Box 776
Pl aguem ne, LA 70764
Attn: J. M Hyde, DCE
Box 1270,
Wnnie, TX 77665
A. E Fruge, DCE

DOE SPR Bryan Mund Site (1)
P.0. Box 2276

Freeport, TX 77541

At tn: C. Bellam, DCE

Boei ng Petrol eum Services (5)
850 South C earview Parkway
New Ol eans, LA 70123
Attn: J. Sieners (3)

K Mlls

T. Eyermann

Loui si ana Ceol ogi cal Survey (1)
Uni versity Station: Box G

Bat on Rouge, LA 70893

Attn: K E Ransey

Solution Mning Research
Institute 812 Miuriel Street
Wodstock, IL 60098

Attn: H Fi edel man

Texas Bureau of Econonic
Geol ogy (2) .
University Station, Box X
Austin, TX 78713

Attn: W L. Fisher

Wl k- Haydel & Associates, Inc.
600 Carondel et St.

New Ol eans, LA 70130

Attn: Gary Trochesset
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